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Abstract. Salps, salp fecal pellets and other zooplankton species were analyzed for a 
suite of elements and natural radionuclides to assess their role in the biogeochemical 
cycling of nuclides in oceanic waters. The nuclide/A1 ratios in organisms normalized to 
the same ratio in crustal rock indicated that Ca, Sr, Zn, Cu, U, 21°Po, and ~°Pb are 
enriched in the organisms. The concentrations of Fe, AI, Th isotopes and 21°Pb in salps 
and fecal pellets were about an order of magnitude higher than those in salps, whereas 
Ca, Cu, Zn, Mn and Po were higher by factors of about 2-5. Fluxes via salp defecation 
were higher than those which have been measured in crustacean zooplankton species, a
result primarily due to the high defecation rates characteristic of salps. High nuclide 
levels in salp fecal pellets coupled with high defecation rates and presumed high salp 
biomass in many areas underscore the importance of these indiscriminate filter feeders in 
packaging and transporting todepth particulate-associated nuclides in surface waters. 
Introduction 
The importance of marine organisms, particularly plankton, in controlling the 
distribution and cycling of elements and radionuclides in the oceans is well 
recognized (Lowman et al., 1971; Martin and Knauer, 1973; Fowler, 1977; 
Higgo et al., 1980; Bruland, 1983; Collier and Edmond, 1984). Much of the 
driving force in elemental cycling by plankton comes from a steady produc- 
tion of biogenic debris (fecal pellets, molts, phytoplankton hard parts, 
carcasses, etc.) in the upper water layers. In fact recent direct measurements 
of the settling fluxes of particulate matter and its components at various 
depths in the oceans indicate that fluctuations in these fluxes are controlled 
by variation in primary productivity in the euphotic zone (Deuser et al., 1981, 
1983). Gelatinous zooplankton such as salps commonly constitute a major 
part of the plankton in oceanic and coastal waters during various times of the 
year (Alldredge and Madin, 1982). Despite their importance in terms of 
biomass the role of these organisms in the cycling and removal of trace 
elements and radionuclides from the water column is only poorly understood. 
With a veiw to obtain more information on gelatinous pecies, we collected 
several samples of salps and a sample of salp feces and analysed them along 
with some other zooplankton species for elemental and radiochemical compo- 
sition. 
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Methods 
During April-May 1984 salps and mixed zooplankton were collected approxi- 
mately 3 km off Monaco using various mesh-size plankton ets. Most of the 
salp samples were the chain form of the species Thalia democratica, however, 
one sample was composed of Salpa maxima. Both salp species are common in 
northwestern Mediterranean waters, and particularly during the spring 
months often represent a large fraction of the zooplankton biomass in the 
upper 50 m (Braconnot, 1971). Salps were held live in ambient seawater and 
upon return to the laboratory were rinsed repeatedly with de-ionized oubly 
distilled water over a 2 mm nylon sieve and dried at 60°C for 3-4 days. 
Seasalt was abundant in some of the dried salp samples. These samples were 
rinsed with double distilled water and redried prior to chemical analysis. 
Samples for chemical analyses were made up of whole animals and were 
about 1 g dry weight. From one of the collections of Thalia democractica 
(16-4-84) live individuals were held for approximately 8hr in a specially- 
designed fecal pellet collection device (La Rosa, 1976; Small et al., 1979) to 
obtain relatively large amounts of pure salp feces. This sample was briefly 
rinsed with double distilled water to remove adhering sea salt and also dried 
at 60°C. 
In addition to salps, several samples of zooplankton were collected and 
prepared for analysis in the same manner as the salps. The samples consisted 
of the neustonic opepod Anomalocera patersoni, crab larvae (nearly pure) 
and mixed copepods (600-2000/~m size fraction). The problems of contami- 
nation inherent in collecting zooplankton for trace metal analyses are well 
documented (Martin and Knauer, 1973; Fowler, in press). Extreme care was 
taken to avoid metal contamination during all phases of shipboard collection 
and sample preparation. Pre-cleaned sample containers were used on all 
occasions. All plankton samples were carefully examined and extraneous 
material, if any, was removed with teflon forceps. Dried samples were then 
ground to powder with mortar and pestle, reweighed and apportioned into 
aliquots for elemental nd radionuclide analyses. Samples along with appro- 
priate blanks and standards were analyzed for P, Ca, Sr, Fe, A1, Zn, Cu and 
Mn by atomic absorption and spectrophotometric e hniques. Thorium-234 
was measured by non-destructive b ta assay (Krishnaswami etal., 1976), 21°Pb 
and 21°Po by total alpha counting techniques (Cherry and Heyraud, 1981), 
and 228Th, 2a°Th, 232Th, and 23SU by radiochemical purification and alpha 
spectrometry (Krishnaswami etal., 1976). 
Results and discussion 
The concentrations of various elements and natural radionuclides in 
zooplankton species and salps are given in Tables 1 and 2. The concentrations 
of Ca, Sr, A1, Fe, Mn, Cu and Zn in the zooplankton samples (Table 1) are 
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similar to those reported by Martin and Knauer (1973). Our data show that 
by and large elemental abundances in the galatinous alps are of the same 
order as those in crustacean zooplankton. Geometric mean enrichment factors 
(metal/A1 ratio in organisms divided by metal/A1 ratio in crustal rock) com- 
puted for salps are zl°Po=800, Sr=164, Zn=140, Ca=101, 21°Pb=55, 
U=35, Cu=26, Mn=4.3, Th=4.1, Fe= 1.9. Whereas Mn, Fe and Th show little 
if any enrichment in salps relative to crustal rock, the high enrichment factors 
for Ca, Sr, Zn, Cu, U, 21°Po and 2~°pb could result from either some degree 
of biological uptake by physiological processes or from the food they filter 
from seawater. Analyses of salp body samples without he gut contents would 
help to resolve this issue. In the case of Cu and Zn, concentrations in salps 
exhibit a good correlation with P concentration suggesting their involvement 
in the processes of active biological uptake. In general quite comparable 
enrichment factors are found for the zooplankton species listed in Table 1 
(i.e. 21°Po=3100, Zn=880, Sr=88, Cu=63, Ca=57, 21°Pb=52, U=22, 
Th=2.4, Mn=2.2 and Fe=0.96), and they are of the same order as the enrich- 
ment factor values for zooplankton reported by Cherry et al. (1983). 
However, the geometric mean enrichment factor for 2~°Po in salps (800) is 
lower than the geometric mean value (3100) computed for our samples of 
crustacean zooplankton. Typical 21°Po enrichment factors of 4000 were 
reported for zooplankton by Cherry et al. (1983) but their compilation did 
not include data for gelatinous species like salps. The lower 21°po enrichment 
factor in salps as well as a lower geometric mean 21°po/2X°Pb ratio in salps 
(14) than in the crustacean zooplankton species (60) indicate most likely a 
richer alumino-silicate component in salps than in the zooplankton listed in 
Table 1. The higher A1 content in salps (Table 2) relative to zooplankton 
(Table 1) lends support o this contention. 
Salps produce an abundance of fecal pellets or flakes which are large 
and settle very rapidly (Bruland and Silver, 1981 ; Madin, 1982). In fact, the 
sinking rate of salp fecal pellets are the fastest recorded among zooplankton 
species (Angel, 1984). These considerations alone suggest hat material 
transport hrough salp feces could be significant in controlling the distri- 
bution and removal of elements from the water column. Elemental and 
radionuclide concentrations i  alps and their fecal pellets are given in Table 3. 
It is evident hat for most nuclides there is considerable enrichment in the 
fecal material of salps. For example, except for P and Sr, feces/salp ratios for 
the elements and radionuclides were > I indicating higher nuclide concen- 
trations in fecal pellets than in the organisms which produced them (Table 3). 
The only other data on radionuclide concentrations are those of Heyraud 
(1982) who reported 21°Po and 21°Pb levels of 35-  7 and 20 + 10dpm/g 
dry in the feces of Salpa maxima, values nearly identical to the concentrations 
measured in this study (Table 3). One possible explanation for the lower 
nuclide abudances in salps relative to their feces is the dilution of the gut 
contents by salp body. Similar observations have been noted for trace 
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Table 3. Range and mean elemental nd radionuclide concentration i salps (n=5), their 
feces and the estimated flux contribution due to defecation 
Nuclide Salps (#g g-~ dry) Salp feces Feces/Salps Flux via defecation 
Range Geometric 
mean (t~gg -~ dry) (ggg-~ dry salpd -~ ) 
P 1866-10228 5560 3621 0.65 905 
Ca 12821-63998 46041 82378 1.8 20595 
Sr 30.7-1905 684 415 0.6 104 
Fe 269-4078 1190 11818 9.9 2955 
A1 205-3052 906 28490 31 7123 
Zn 35.6-312 110 196 1.8 49 
Cu 7.3--22.4 16.0 34.3 2.1 8.6 
Mn 20.9-84.0 45.9 169.0 3.7 42.0 
23*Th 17- l 11 47* 750* 16 187.0"* 
~Th 0.155-0.428 0.238* 2.16" 9.1 0.54** 
:3~Th 0.042-0.186 0.104" 1.01 ~ 9.7 0.25** 
:~sU 0.26 -1.33 0.75* 0.97* 1.3 0.24** 
21°Po 9.9 -20.1 15.6" 39.5* 2.5 9.9** 
~l°Pb 0.31 -4.37 1.1" 24.0* 22 6.0** 
*In units of dpm g- 1 dry wt. 
**In units of dpm g-I dry d-~. 
elements and radionuclides in fecal pellets of euphausiid crustaceans (Fowler, 
1977; Higgo et al., 1977; 1980; Beasley et al., 1978) and copepods (Fowler, 
1982; Fowler et al., 1983). Particularly noteworthy with salp feces is the fact 
that it contained 2.84%A1, 1.2%Fe and 4/lgg - l  232Th, concentrations 
which indicate a high alumino-silicate content. Based on A1 and Th abun- 
dances in crustal rocks and salp feces, the alumino-silicate content in feces is 
calculated to be in the range of 32.8-35.8%. In this regard, Wallace et al. 
( 1981) measuring A1 profiles in the Gulf Stream found an exponential decrease 
in particulate A1 between 30 and 100m. They hypothesized that the first 
order removal of A1 in this region could be due to sinking fecal pellets, 
particularly those of salps. In California current waters the scavenging and 
rapid removal of 234Th from the surface layer was interpreted to occur in 
response to intense grazing and fecal pellet production by salps (Coale and 
Bruland, 1985). Our finding of high A1 concentrations (2.84%) and 234Th 
activity (750dpm/g) clearly demonstrates the feasibility of this removal 
mechanism. 
Although quantitative biological data on feeding behaviour of 
Mediterranean salps are lacking, it is possible to derive estimates of element 
and radionuclide cycling rates through salps using measured nuclide concen- 
trations in salp feces and published salp fecal pellet production rates from 
other oceanic areas. Madin (1982) has measured the defecation rate of seven 
species of salps; these rates range between 3.7-27.7 ~g fecal C/mg body C/hr. 
Assuming a defecation rate of 10pg fecal C/mg body C/hr for Thalia demo- 
cratica and a carbon abundance of 25% dry weight both in fecal pellets 
(Bruland and Silver, 1981) and in salps (Madin, 1982; our data for weight loss 
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on ignition), the defecation rate translates to about 250mg dry feces/g dry 
salp/day. The elemental and radionuclide fluxes calculated using this 
defecation rate are given in Table 3. Calcium concentration in salps and corre- 
sponding Ca flux via fecal pellets are quite high. If this is due to ingestion of 
coccolithophores which are quite common in oligotrophic waters of the 
Mediterranean, then salps may contribute significantly to the carbonate flux 
from surface to deep waters. For certain elements uch as Cu and Zn, the 
estimated fluxes through salps are nearly the same as those that were com- 
puted for defecation from euphausiids (Fowler, 1977). However, where 
comparisons can be made for the same elements and radionuclides (e.g. 
Sr, Fe, Mn, 21°po, 21°Pb, 232Th and 23aU), fluxes through salps ranged from 
3 to 35 times greater than corresponding fluxes through euphausiids from the 
same waters in the Mediterranean (Fowler, 1977; Beasley et at., 1978; Higgo 
et al., 1980). Since the nuclide concentrations in fecal pellets from both 
zooplankters are roughly similar (with the exception of Cu and Zn which are 
much higher in euphausiid pellets), the large observed ifferences in flux are 
due primarily to the 5-fold higher computed efecation rate in salps (25% 
body dry weight/day) compared to that tof the euphausiid Meganyctiphanes 
norvegica ('.~ 5% body dry weight/day, Small et al. 1973). 
Despite differences in filtering rates and resultant defecation rates between 
pelagic salps and crustaceans, the question remains as to the relative import- 
ance of salps in terms of total biomass compared with other common pelagic 
crustaceans like copepods and euphausiids. Copepods have classically been 
considered as the primary consumers of phytoplankton i oceanic waters; 
however, it is well-known that salps often occur in swarms reaching densities 
as high as 275 individuals m -a (see Madin, 1974), and in fact in some areas 
like the Scotia Sea/Antarctic Peninsula region they dominate the zooplankton 
community at certain times of the year (Huntley et al., 1984). Furthermore 
Harbison and Gilmer (1976) have shown that a single individual of a large 
oceanic salp (Pegea conlederata) has the equivalent grazing impact of at least 
450 large calanoid copepods. They also point out that salps which are sparsely 
distributed in chains in the ocean are rarely sampled in plankton tows, a fact 
which strongly suggests hat their biomass may be greatly underestimated. 
The ability of salps to continuously filter particles ranging in size from 
1/~m to 1 mm (Madin, 1974; Harbison and McAlister, 1979) indicates that 
small, nuclide-enriched particles of both inorganic and organic origin will be 
packaged in their fecal pellets. Nothing. is known about he fate of the pellet- 
associated nuclides following release from salps, but owing to the high sinking 
rates of salp pellets (up to 2700today -1, Bruland and Silver, 1981), they 
have the potential to rapidly transport incorporated trace elements and radio- 
nuclides to great depth. The observation of intact salp fecal flakes in sediment 
traps at 900 m (Iseki, 1981) supports this hypothesis. Equally possible is that 
during descent and subsequent dissolution, a fraction of the nuclides may be 
released to the water column in a manner similar to that which has been 
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observed to occur in fecal pellets from other zooplankton species (Heyraud 
et al., 1976; Fowler, 1982). Clearly, the biogeochemical control that salp 
feces may exert on the fate and distribution of elements and radionuclides in
oceanic waters warrants further study. 
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